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Cell-to-cell transmission of human immunodeficiency virus type 1 (HIV-1) occurs via a virological synapse
(VS), a tight cell-cell junction formed between HIV-infected cells and target cells in which the HIV-1-infected
cell polarizes and releases virions toward the noninfected target cell in a gp120- and intercellular adhesion
molecule 1 (ICAM-1)-dependent process. The response of the target cell has been less studied. We utilized
supported planar bilayers presenting gp120 and ICAM-1 as a reductionist model for the infected-cell mem-
brane and investigated its effect on the target CD4 T cell. This study shows that HIV-1 gp120 interaction with
its receptors is initially organized into microclusters that undergo F-actin-dependent consolidation into a
central supramolecular activation complex (cSMAC). Src Kkinases are active in both gp120 microclusters and
in the VS ¢SMAC. The early T-cell receptor (TCR) signaling machinery is partially activated at the VS, and
signaling does not propagate to trigger Ca>* elevation or increase CD69 expression. However, these partial
TCR signals act locally to create an F-actin-depleted zone. We propose a model in which the F-actin-depleted
zone formed within the target CD4 T cell enhances the reception of virions by releasing the physical barrier for

HIV-1 entry and facilitating postentry events.

Human immunodeficiency virus type 1 (HIV-1) infection
occurs most efficiently by cell contact-dependent transfer of
viral particles from infected cells to noninfected target cells
(23, 52, 59). Indeed, cell-to-cell transfer of HIV-1 has been
shown to be up to 18,000-fold more efficient than uptake of
free virions (13, 23, 65, 66). This HIV-1 transmission between
CD4 T cells has been proposed to require an organized viro-
logical synapse (VS), which is an F-actin-dependent cell-cell
junction enriched with HIV-1 envelope gp120 on the infected
cell and with its receptors CD4 and the chemokine receptor
(CKR) CCRS5 (chemokine [C-C motif] receptor 5) or CXCR4
(chemokine [C-X-C motif] receptor 4) on the target cell (13,
41, 42).

We have demonstrated before that the VS can be modeled
using supported planar bilayers presenting intercellular adhe-
sion molecule 1 (ICAM-1) and HIV-1 gp120, and in this
model, it resembles the immunological synapse (IS) in molec-
ular organization (72). The IS is organized into distinct areas
termed supramolecular activation complexes (SMACs) that
are subdivided by their location. The central SMAC (cSMAC)
contains T-cell receptor (TCR) and peptide-major histocom-
patibility complex, and the peripheral SMAC (pSMAC) forms
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a ring of lymphocyte function-associated antigen 1 (LFA-1)-
ICAM-1 interactions around the cSSMAC (28, 57). By compar-
ison, in the VS, gp120 clusters in the center, forming a cSMAC,
and LFA-1-ICAM-1 interactions accumulate in the pSMAC.
The periphery of the IS is rich in F-actin, while the cSMAC is
relatively depleted of F-actin (43, 64).

Importantly, IS formation is critical for T-cell signal integra-
tion and for coordinating migration and directed secretion (24,
37). IS formation is initiated with the generation of TCR mi-
croclusters (MCs) in the periphery, which then coalesce in an
actin-dependent process to form the cSMAC. TCR-induced
signaling in the context of the IS also depends upon F-actin (2,
9). TCR MC:s are the sites for signaling initiation, as shown by
the recruitment of active Lck, zeta chain-associated protein 70
(ZAP70), linker of activation in T cells (LAT), and Src homol-
ogy 2 (SH2) domain-containing leukocyte protein of 76 kDa
(SLP76) (10, 75). However, the cSSMAC appears to be a central
site for TCR degradation and signaling termination, as it has
20-fold-lower tyrosine phosphorylation than MCs and is en-
riched in lyso-bis-phosphatidic acid, a marker for multivesicu-
lar body formation and degradation (10, 71).

The most proximal event upon engagement of TCR with its
cognate peptide-major histocompatibility complex is Src kinase
activation (49). The two main Src kinases in T cells are Lck and
Fyn, with Lck playing the dominant role in TCR signaling. Lck
and Fyn phosphorylate the immunotyrosine activation motifs
(ITAMs) of the CD3 chains. These phosphorylated sites serve
as a docking site for ZAP70. The association of ZAP70 with
the TCR complex leads to the phosphorylation of the adaptor
proteins SLP76 and LAT, which in turn leads to the activation
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of phospholipase C y1 (PLCy1). PLCyl1 is phosphorylated by
the interleukin-2-inducible T-cell kinase (Itk) under phospho-
inositide 3-kinase (PI3K) regulation (4) and cleaves phospha-
tidylinositol 4,5-bisphosphate into diacylglycerol, which acti-
vates protein kinase CO (PKCH), and inositol trisphosphate,
leading to Ca®" influx to continue the signaling cascade (58).
Recruitment and activation of actin-nucleating factors by the
TCR leads to actin polymerization (33). The microtubule or-
ganization center (MTOC) also polarizes toward the IS inter-
face within minutes upon TCR signaling (29, 46, 63) to mediate
directional secretion.

Aside from its critical role in initiating virus infection, the
interaction of gp120 with CD4 and the CKR on target cells has
also been shown to activate intracellular signaling events. Sol-
uble gp120 and cell-free virions elicit a variety of signaling
cascades in T cells and macrophages (17, 20, 47, 73), including
activation of focal adhesion kinase (18, 19), Pyk2 (21), and
mitogen-activated protein kinase pathway (22, 48). Soluble
gp120 and cell-free virions induce Ca?* influx in T cells (53)
that can lead to NFAT translocation to the nucleus (16). How-
ever, the initial membrane-proximal signals triggered by gp120
in the context of the VS have never been studied. Because of
the similar supramolecular rearrangements observed in the IS
and the VS, we hypothesized that gp120 interaction with the
target CD4 T cells activates TCR signaling machinery.

In this study, we assessed the capacity of gp120 to induce
signaling in target CD4 T cells using the gp120 and ICAM-1-
presenting planar bilayers to mimic the infected T-cell mem-
brane. We monitored in real time and in fixed cells the tem-
poral-spatial organization of signaling components. Our results
demonstrate, for the first time, that similar to IS, the VS is
initiated by gp120 MCs. These MCs are also the site of early
activation of TCR signaling, and they ultimately converge to
form the VS ¢cSMAC. However, unlike in the IS, the early TCR
signaling machinery remains partially active in the VS cSMAC,
revealing a different spatial control of signaling. Importantly,
an F-actin-depleted zone is formed in the VS ¢SMAC. Since it
is known that disassembly of cortical F-actin is critical for
postentry events in HIV-1 infection (74), we propose a model
in which the F-actin-depleted cSMAC provides an ideal route
for efficient virus entry into the target CD4 T cells.

MATERIALS AND METHODS

Cells. Activated CD4 T cells were prepared as described before (72). Briefly,
human naive CD4 T cells were purified by negative selection (Miltenyi Biotech,
CA) from healthy donors (New York Blood Center, New York, NY), activated
on plates coated with 5 pg/ml of anti-CD3 and anti-CD28 antibodies (BD
Pharmingen, CA) for 48 h and then expanded with 100 U/ml interleukin-2 (NIH,
Bethesda, MD). Cells were used for experiments 5 to 12 days postactivation.

Planar bilayers. Bilayers containing gp120 plus ICAM-1 (gp120+ICAM-1) or
ICAM-1 alone were prepared and used as described before (72). Liposomes
containing 12.5% Ni?*-chelating 1,2-dioleoyl-sn-glycero-3-[N(5-amino-1-car-
boxypentyl)iminodiacetic acid]succinyl and/or glycosylphosphatidylinositol
(GPI)-anchored Cy5-ICAM-1 (density of 200 to 250 mol/pm?) were used for the
bilayers. The final concentrations of 1,2-dioleoyl-sn-glycero-3-[N(5-amino-1-car-
boxypentyl)iminodiacetic acid]succinyl and Cy5-ICAM-1-GPI in bilayers were
adjusted by the addition of dioleoylphosphatidylcholine to the liposomes. Bilay-
ers were then prepared by applying the liposomes onto a glass coverslip of a
parallel plate flow cell (Bioptechs, Butler, PA). After the bilayers were blocked
with 5% casein containing 100 pM NiCl,, the Ni**-chelating bilayers were
incubated with His,-tagged gp120 (from HIV-1 DH12) for 30 min at a concen-
tration that resulted in gp120 density of 200 to 250/wm?. The bilayers were then
washed with HEPES-buffered saline containing 1% human serum albumin. The
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gp120 protein made in HeLa cells infected with recombinant vaccinia virus (15)
was used and labeled with Alexa Fluor 488 (Invitrogen, CA). The density of
Alexa Fluor 488-labeled gp120 molecules on the bilayer was determined by
coating the same lipid bilayer preparations onto 5-wm-diameter silica beads and
analyzing the beads by flow cytometry using fluorescein calibration beads (Bangs
Laboratories Inc., IN). The ICAM-1 and gp120 densities on the bilayers were
based on their expression levels on the surfaces of antigen-presenting cells and
virus-infected cells, respectively (25, 72, 76). CD4 T cells were injected onto the
bilayers and allowed to interact with the bilayers for the indicated times. Images
were acquired either from live cells or after cells were fixed and stained.

Immunofluorescence staining. Cells were fixed with 2% paraformaldehyde,
permeabilized with 0.1% Triton X-100, and stained with antibodies specific for
phosphorylated Lck (phosphorylated on Y394) [pLck(Y394)] (a gift from Alan
Frey, NYU School of Medicine), pSrc(Y416), total Lck, pLck(Y505),
PZAP70(Y319), pLAT(Y191) pPLCy(Y783), CD3g, Itk, CD4 (Cell Signaling
Technology), pSLP76(Y128), pCD3¢(Y142) (BD Pharmingen), CD3¢ (eBio-
science), and B-tubulin (Sigma Aldrich). Following staining with the primary
antibody, the appropriate Alexa Fluor 546-labeled secondary antibody (Invitro-
gen, CA) was added. F-actin was detected with Alexa Fluor 568-phalloidin
(Invitrogen, CA).

Treatment with anti-gp120 MAbs, CKR antagonists, and Lck inhibitor. Anti-
gp120 monoclonal antibodies (MAbs) were obtained from Susan Zolla-Pazner
(NYU School of Medicine) and James Robinson (Tulane University). Bilayers
were treated with 20 wg/ml of the MAb for 30 min prior to introduction into the
cells. The cells were also suspended in buffer containing 20 wg/ml of the same
MAD before injection onto the bilayer. AMD-3100 and TAK-779 were used at 10
M to treat the cells. These CKR antagonists were added to the cells for 30 min
prior to injection onto the bilayer and kept throughout the experiment.

The Lck inhibitor (compound number 43) was a gift of M. Brown (Boehringer-
Ingelheim Pharmaceuticals Inc., CT) (32) and used at the indicated concentra-
tions. Cells were pretreated with the Lck inhibitor for 30 min prior to injection
onto the bilayer and kept throughout the experiment. The control cells in ex-
periments with CKR antagonist and Lck inhibitor experiments were treated with
dimethyl sulfoxide (DMSO).

Ca®* analysis. Cells were labeled with 5 wM Fura-2 (Invitrogen) and intro-
duced onto the bilayers. Images were acquired for a total of 60 min in 30- to 60-s
intervals. Calcium influx was measured using Improvision Volocity software (Wal-
tham, MA). The ratio between Fura-2 intensity at 340 nm/380 nm in cells contacting
the bilayer (as determined by interference reflection microscopy [IRM] channel) was
measured over time to detect changes in intracellular Ca®* levels. Ionomycin (1 pM)
was added at the end of the experiment as a positive control, while the subsequent
addition of 2 mM EGTA measured Ca®" basal levels.

Microscopy. Multicolor fluorescence microscopy and IRM (38) were per-
formed on an automated microscope with an Olympus total internal reflection
fluorescence microscopy (TIRFM) module (62) and an Orca-ER cooled charge-
coupled-device (CCD) camera or electron multiplier (EM)-CCD camera
(Hamamatsu). The hardware on the microscope was controlled using Scanalytics
IP-Lab software (Rockville, MD) on a Dell personal computer. Solamere Tech-
nology (Salt Lake City, UT) provided integration support.

Image analysis. Image processing and bilayer calibration were performed with
IP-Lab and Metamorph software. Measurement of signaling in the cCSMAC was
done by determining fluorescence intensity in the cSMAC area marked by gp120
fluorescence accumulation. Measurement of signaling molecules in cells on the
control ICAM-1 bilayers was done on the entire cell-bilayer contact area as
detected in the IRM channel (72). Average fluorescence intensity was measured
using Metamorph software in each of the areas designated above. The back-
ground fluorescence was subtracted from the average intensity. The integrated
fluorescence intensity was then calculated by multiplying the average intensity by
the total pixel area measured in each cell. The pixel area was converted to pm?
based on the pixel/pum? ratio for the specific cameras and objectives that were
used.

Statistics. Statistical analyses were done with one-way analysis of variance test
and Dunn’s multiple-comparison posttests or with Mann-Whitney ¢ test using the
GraphPad Prism software (San Diego, CA).

RESULTS

Generation of the virological synapse and initiation of sig-
naling. We employed TIRFM on T cells forming VSs on bi-
layers containing gp120 and ICAM-1 to investigate whether
the VS SMACs are assembled from MCs and whether the
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SMACs and MCs are associated with active signaling compo-
nents. Throughout this study, we used in vitro-activated pri-
mary human CD4 T cells. We visualized CD4 T cells interact-
ing with bilayers containing gp120 plus ICAM-1 using an
EM-CCD camera at a magnification of X150 (pixel size of 125
nm). gp120 MCs were formed on the periphery of cell-bilayer
contact areas within 30 s, and by 5 to 6 min, they coalesced to
form a ¢cSMAC (Fig. 1A) (see movie S1 in the supplemental
material). While we had previously observed the gp120 cS-
MAC (72), this is the first time that gp120 MCs have been
observed. We measured integrated and average fluorescence
intensity levels of gp120-positive structures (Fig. 1B). The in-
tegrated fluorescence intensity is the sum of intensity values for
all pixels in the gpl20-positive area in each cell, while the
average fluorescence reflects the intensity value per pixel in the
gp120-positive area. From the integrated intensities, three
phases were observed in gp120 interaction: a lag phase for the
first 3 min, a steep increase from 3 to 5 min, and a plateau after
5 min. This result is consistent with the observation that indi-
vidual gp120 MCs were formed mainly during the first 5 min
and the MCs subsequently converge into a cSMAC. In con-
trast, the average intensity reaches a maximum level in less
than a minute, indicating that the density of gp120 needed to
form a MC is close to the saturated level for gp120 per unit
area of membrane. The fluorescence intensity of individual
gp120 MCs at 0 to 6 min (Fig. 1C) and cSMAC at 9 to 11 min
(Fig. 1D) was plotted as a function of size to show that indeed
there was no correlation between the increase in intensity and
the size of gp120 MCs or the cSMAC (R? values of 0.0184 and
0.03783 for MCs and cSMAC, respectively). This strengthens
the notion that the cSMAC is formed by convergence of sat-
urated gp120 MCs. In this respect, gp120 MC resembles TCR
MC in their behavior, as the average intensity of TCR MC also
does not increase as they fuse with each other and move to the
center to form the IS cSMAC (R. Varma et al., unpublished
results).

We next determined whether MC convergence to form a
c¢SMAC was F-actin dependent. We observed that gp120 MC
formation was dependent on F-actin, as treatment of cells with
latrunculin A (latA) prior to injection onto the bilayers re-
sulted in no MC formation (data not shown). When latA was
added to cells at 2 min, after nascent VS was formed and initial
spreading was complete, gp120 MCs lost their intensity over
time and disassembled (Fig. 1E) (see movie S2 in the supple-
mental material), indicating that once formed, the gp120 MCs
were still actin dependent. As expected, latA also prevented
cluster movement and cSMAC formation (Fig. 1E) (see movie
S2 in the supplemental material). In contrast, the cCSMAC was
found to be F-actin independent, as latA treatment had no
effect when added at 10 min (Fig. 1F) (see movie S3 in the
supplemental material). The early F-actin dependency is con-
sistent with a previous report showing lack of VS formation
upon actin inhibition (41), but this study further shows that
once formed, VS ¢cSMACs become F-actin independent.

Next we sought to determine whether signaling was asso-
ciated with gp120 MCs. CD4 T cells were introduced onto
bilayers containing gp120+ICAM-1 and were fixed at 5 min (Fig.
2A) or 30 min (Fig. 2B) and then stained with an antibody
recognizing the activation loop of Src kinase [pSrc(Y416)].
This antibody recognizes the activation loops of both Lck and
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Fyn. Images of cell-bilayer contacts were acquired using
TIRFM, which detects fluorescence within 100 to 200 nm from
the interface and increases the signal-to-noise ratio, enabling
the detection of VS proximal signaling events. Activated Src
kinases were found in the VSs in association with gp120 MCs
(Fig. 2A). Interestingly, active Src kinase staining remained
intense in the cSMAC (Fig. 2B). In fact, pSrc(Y416) average
intensity in the ¢cSMAC at 30 min was slightly higher than
the intensity associated with the individual MCs at 5 min,
although the intensities of some individual clusters were sim-
ilar to that of the cSMAC (Fig. 2C). pSrc(Y416) staining in
cells on ICAM-1 bilayers showed no MCs (data not shown).
There was only a slight, insignificant, increase in pSrc(Y416)
integrated intensity in the cSMAC between 5 and 30 min (Fig.
2D), indicating that the Src activation does not increase after
the ¢cSMAC assembles. Since there was no significant differ-
ence in the level of Src phosphorylation in gp120 MCs com-
pared to cSMAC, we decided to focus on the signaling events
taking place in the cSMAC.

Lck, but not Fyn, is the active Src kinase in the VS. We
further investigated which was the active Src family kinase in
the VS. CD4 T cells interacting with gp120+ICAM-1 or
ICAM-1 bilayers for 45 min were fixed and stained with anti-
bodies specific for pLck as well as total Lck and Fyn. We chose
a single time point (45 min) for this analysis, since no substan-
tial differences in the levels of Src activation were observed at
early or late time points during the VS formation (Fig. 2C and
D). Moreover, at 45 min, active signaling is completely extin-
guished in the IS cSMAC, allowing us to evaluate differences in
spatiotemporal signaling in the IS versus the VS. The ICAM-1
bilayer served as a control to indicate the basal levels of the
active signaling components and the levels that can be induced
by outside-in integrin signaling. Throughout this study, specific
fluorescence intensity was measured within the cSSMAC for
cells on gp120+ICAM-1 bilayers (Fig. 3A, top panel, dashed
yellow line) and within the whole contact area for cells inter-
acting with the ICAM-1 bilayer (Fig. 3A, bottom panel, dashed
yellow line). An increase of average fluorescence intensity re-
flects the increased recruitment and activation of the signaling
molecule to the VS interface, and this will be confirmed by a
similar increase in the integrated fluorescence intensity. In
contrast, no change in the integrated fluorescence intensity
indicates a redistribution of the signaling molecule.

After the cells interacted with gp120+ICAM-1 bilayers, to-
tal Lck, pLck(Y394), and pLck(Y505) were all recruited to the
VS interface and were highly colocalized with gp120 (Fig. 3A,
B, and C, respectively). The average intensity of total Lck (Fig.
3A, left graph) was higher on the gp120+ICAM-1 bilayer than
on the ICAM-1 bilayer, but the integrated intensity levels (Fig.
3A, right graph) were similar, suggesting that Lck is redistrib-
uted into a central cluster upon CD4 binding to gp120. How-
ever, quantification of pLck(Y394) (Fig. 3B, left graph) showed
that the average intensity on gp120+ICAM-1 bilayers was more
than 10-fold higher than that on ICAM-1 bilayers, and the
integrated intensity was 2-fold higher on gpl120+ICAM-1
bilayers than on ICAM-1 bilayers (Fig. 3B, right graph).
This indicates that while the levels of total Lck at the inter-
face are similar in cells adhering onto gp120+ICAM-1 and
ICAM-1 bilayers, gp120 binding increased phosphorylation
of the Lck activation loop.
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FIG. 1. HIV-1 gp120 MCs at the initiation of HIV-1 VS assembly. (A) Activated CD4 T cells were introduced onto gp120+ICAM-1 bilayers.
The same fields were imaged continuously for 12 min. Representative images depicting gp120 MCs at the indicated times are shown. (B) Quan-
tification of integrated and average fluorescence intensities + standard errors of the means (error bars) of gp120 clusters over time. The average
values from three independent experiments are shown. Twenty VSs were analyzed in each experiment. (C and D) Average fluorescence intensity
of gp120 MCs (C) or VS ¢SMAC (D) as a function of size. Data shown are from one representative experiment out of three independent
experiments. CD4 T cells were introduced onto gp120+ICAM-1 bilayers. (E and F) The same fields were imaged for 10 min (E) or 15 min (F).
1 uM latA was added at 2 min (E) or 10 min (F) (latA inj’, latA injected). Representative images of one cell at designated time points before and
after latA treatment are shown. Graphs showing average fluorescence intensities plus standard deviations (error bars) of gp120 MCs at the different
time points are also shown next to the images in panels E and F. Data are from one representative experiment out of two independent experiments.
Fifteen to twenty synapses were analyzed for each experiment. Bars = 5 pm.
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Additionally, staining for the inhibitory C-terminal phosphor-
ylation site of pLck(Y505) showed a >20-fold increase in av-
erage intensity (Fig. 3C, left graph) and a 3-fold increase in
integrated intensity (Fig. 3C, right graph) for cells on
gp120+ICAM-1 bilayers compared to cells on ICAM-1 bilay-
ers. Thus, the increase in activation loop phosphorylation ap-
pears to be counterbalanced by phosphorylation of the inhib-
itory C-terminal phosphorylation site. It is not clear whether
this pattern reflects the presence of two populations of Lck
enzymes with mutually exclusive phosphorylation of positions
394 and 505 or if some Lck in the VS are phosphorylated on
both sites (60). In contrast, Fyn was not recruited to the VS
(Fig. 3D), and significantly more Fyn was recruited to the
contact area of cells on ICAM-1 bilayers than on
gp120+ICAM-1 bilayers, possibly due to integrin outside-in
signaling (14). From these data, we conclude that Lck, but not
Fyn, is the active Src kinase in the VS.

Next, we investigated the importance of gp120 interactions
with its receptors for Lck activation. CD4 cross-linking by
antibodies is sufficient to induce Lck activation (35). Blocking
gp120-CD4 interaction by MAb 654 reduced Lck phosphory-
lation by 85% based on measurement of average fluorescence
intensity by TIRFM (Fig. 3E). The importance of gp120-CD4
binding is also supported by the observation that CD4 localized
to the gp120 contact areas in cells on gp120+ICAM-1 bilayers
(Fig. 4A). Intriguingly, blocking gp120-CKR interaction by

MAD 2219, which binds to the V3 loop involved in CKR bind-
ing, led to a 40% increase in pLck(Y394) levels compared to
control (Fig. 3E). Similarly, blocking CXCR4 and CCRS5 by the
respective small CKR antagonists AMD-3100 and TAK-779
lead to 30% to 80% increase in active Lck compared to the
control, and blocking both CKRs led to 200% increase in
pLck(Y394) levels (Fig. 3F). Hence, Lck activation in the VS is
CD4 dependent and may be negatively regulated by gp120-
CKR interaction.

Involvement of the TCR-CD3 complex in the VS. The TCR
signaling cascade involves Lck phosphorylation of CD3 ITAMs;
therefore, we next determined whether the TCR-CD3 complex
was recruited to the cSMAC in the target cell. Although Jolly
et al. (41) indicated the absence of TCR in the VS, partial
enrichment of CD3e was found at the VS interface in a small
fraction (15%) of cell-cell conjugates analyzed, and the other
subunits of the TCR-CD3 complex were not evaluated. Hence,
we determined whether the different subunits of the TCR-CD3
complex were recruited in the target cell. The alpha and beta
subunits of TCR (aBTCR) were concentrated in the cSMAC
(Fig. 4B) of cells on gp120+ICAM-1 bilayers compared to the
average intensity of cells on ICAM-1 bilayers, but the inte-
grated aBTCR signals over the respective interfaces were sim-
ilar. This is indicative of redistribution of the aBTCR from the
interface to the gp120 cluster. CD3e was also present in the VS
at higher levels compared to cells on the ICAM-1 bilayer (Fig.
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4C), but it mainly localized to the pSMAC area. In contrast,
CD3{ phosphorylation was strongly induced in cells on
gp120+ICAM-1 bilayers, and active CD3¢ highly colocalized
with gp120 (Fig. 4D). This was confirmed by quantification of
the average and integrated intensities of pCD3{(Y142) (Fig.
4D, graphs). The same results were obtained when another
phospho-specific CD3{ antibody was used (data not shown).
Hence, specific components of the TCR-CD3 complex were
recruited to the VS, and CD3¢ was highly phosphorylated.

Recruitment and activation of ZAP70, LAT, SLP76, and
PLCy in the VS. The phosphorylated CD3{ chain in the VS
suggests that signaling may propagate downstream. To explore
this, we examined the well-characterized TCR signaling
components, i.e., ZAP70, LAT, SLP76, and PLCr by stain-
ing with phospho-specific antibodies for the active mole-
cules. pZAP70(Y319) colocalized with gp120, and its average
intensity was 12-fold higher in cells on gp120+ICAM-1 bilay-
ers than in cells on ICAM-1 bilayers (Fig. SA). pLAT(Y191)
also colocalized with gp120 in the VS, with a 16-fold increase
in average intensity (Fig. 5B). Similarly, pSLP76(Y128) was
recruited to the VS, with an average intensity 20-fold higher on
gp120+ICAM-1 bilayers than onlCAM-1 bilayers (Fig. 5C).
Furthermore, pPLCy(Y783) was recruited specifically to the
VS ¢SMAC (Fig. 5D). All together, our data show that a
signaling cascade is initiated at the HIV-1 gp120-induced VS
by exploiting the TCR signaling machinery.

Absence of canonical T-cell activation in the VS. Since we
found active PLCyy in the VS, we investigated whether Ca?™ influx
was induced. CD4 T cells labeled with Fura-2 were introduced to
the bilayers and imaged over 70 min, followed by injections of
ionomycin and EGTA. Ca®" levels were similar in cells on
gp120+ICAM-1 and ICAM-1 bilayers (Fig. 6A). This result was
confirmed using alternative Ca®"-sensing dyes Fluo-4 and Fluo-
Lojo (data not shown). We also did not observe PKC6 recruit-
ment to the VS interface (data not shown). Moreover, we de-
tected no significant increase in CD69 expression in cells
interacting with gp120+ICAM-1 bilayers compared to cells on
ICAM-1 bilayers (data not shown). These data indicate that the
signaling induced in the VS does not lead to full canonical T-cell
activation.

VS induces partial activation of Akt. As HIV-1 infection is
tightly linked to target cell activation, we examined the PI3K/
Akt signaling pathway that promotes cell survival and metab-
olism. Itk was recruited to the VS interface (Fig. 6B), implying
that PI3K is activated in the VS. We then evaluated Akt acti-
vation that resulted from phosphorylation of its T308 residue
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by phosphoinositide-dependent kinase 1 (PDK1). TIRFM re-
vealed phosphorylation of Akt on T308 in the cSMAC with an
intensity twofold greater on gp120-+ICAM-1 bilayers than on
ICAM-1 bilayers (Fig. 6C). In contrast, no significant differ-
ence was observed in phosphorylation of Akt on S473 (phos-
phorylated by mTOR [mammalian target of rapamycin]) be-
tween cells on gp120+ICAM-1 or ICAM-1 bilayers (Fig. 6D).
Since mTOR is central to metabolic changes associated with
increased survival of T cells (5), there is no evidence for com-
plete prosurvival signaling within the target cell.

Cytoskeleton rearrangement in the VS. We next investigated
the pattern of F-actin in the VS. We stained fixed cells with
Alexa Fluor 568-phalloidin to detect F-actin. Intact VSs dis-
played peripheral F-actin accumulation with relative depletion
at the center (Fig. 7A, top panels). After the VSs disassembled
and the cells resumed migration, actin was enriched in the
leading lamellipodium (Fig. 7A, bottom panels). The F-actin
integrated fluorescence intensity was about sixfold higher in
PSMAC compared to cSMAC (Fig. 7B), supporting the notion
that the VS ¢SMAC is depleted of F-actin.

In the VS, MTOC polarized (Fig. 7C, top panels) to the
center only in 30% of the cells, and in a similar portion of
the cells (25%), no polarization was observed (Fig. 7C,
middle panels). The remaining cells were migratory, and the
MTOC was located at the uropod (Fig. 7C, bottom panels).
The percentages of cells exhibiting distinct MTOC polariza-
tion are shown in Fig. 7D; there was no significant difference
among the three groups (P = 0.1). Thus, the cSMAC marks
an F-actin-depleted central zone that does not strongly re-
cruit the MTOC.

Lck signaling is required for VS-induced actin rearrange-
ment. To evaluate whether the signaling induced in the VS
was required for formation of an F-actin-depleted zone, we
utilized an Lck-specific inhibitor. Treatment of CD4 T cells
with 2 to 200 uM Lck inhibitor prior to introduction to
gp120+ICAM-1 bilayers resulted in 86 to 94% decrease in
pLck(Y394) levels at the VS interface (Fig. 8A). Since 2 pM
Lck inhibitor treatment was sufficient to block Lck activa-
tion, we continued working with this concentration. Next we
examined the effect of Lck inhibition on actin polymeriza-
tion by treating the cells with the Lck inhibitor and detecting
F-actin with Alexa Fluor 568-phalloidin. The Lck inhibitor
did not affect VS formation, and a ¢SMAC was formed
similar to that observed in the control cells that were treated
with DMSO (Fig. 8B). However, an F-actin-depleted zone
was not formed when Lck was inhibited (Fig. 8B). In fact,

FIG. 3. Lck activation in the VS and its dependence on gp120-CD4 interaction. CD4 T cells were introduced onto bilayers containing gp120
and ICAM-1 or ICAM-1 alone for 45 min and then fixed and stained for total Lck (A), pLck(Y394) (B), pLck(Y505) (C), and total Fyn (D). Images
of representative cells on the gp120+ICAM-1 bilayer (top panels) and the ICAM-1 bilayer (bottom panels) are shown. Fluorescence intensities
of the individual cells were quantified within the areas marked with the yellow dashed lines in panel A. Quantification of average and integrated
intensities detected by TIRFM are presented in the left and right graphs, respectively. A total of 30 to 350 cells were quantified for each condition.
Comparable data were obtained from three independent experiments; data from one experiment are presented. Bars = 5 pm. (E) CD4 T cells
were introduced onto gp120+ICAM-1 bilayers in the presence of an anti-gp120 MAb that blocks gp120-CD4 interaction (MAb 654), an anti-V3
MAD that interferes with gp120 interaction with the CKR (MAD 2219), or a control MADb to the N terminus of gp120 that does not affect gp120
binding to its receptors (MAb EH21). The MAbs were used at 20 pug/ml. (F) CD4 T cells were pretreated with 10 uM of CKR antagonist
AMD-3100 or TAK-779 or both and then introduced onto gp120-+ICAM-1 bilayers in the presence of antagonists. Cells were fixed and stained
for pLck(Y394). The average fluorescence intensity detected by TIRFM was measured and presented as a percentage of control plus standard error
of the mean (error bar). Data shown in panels E and F are average values from three independent experiments.
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independent experiments. Average and integrated fluorescence intensities acquired by TIRFM are plotted in the right and left graphs, respectively.
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after treatment with the Lck inhibitor, an ~1.5-fold increase
in F-actin integrated fluorescence intensity was observed in
the gp120-positive area compared to control (Fig. 8C). In
contrast, the F-actin levels measured in the whole cell de-
creased by 2.5-fold compared to the control (Fig. 8D), show-

ing that the lack of Lck-mediated signaling resulted in less
actin polymerization at the VS. Taken together, these re-
sults indicate that membrane-proximal signaling induced in
the VS leads to actin polymerization while creating an F-
actin-depleted zone.



VoL. 83, 2009

A pZAP70(Y319)

Merge

gp120

ZAP70(Y319 Merle
2 P<0.0001 z P=0.352
g 175 o° g 5000
% :; 3o §, 4000
g - °g % 3000
i 5 goocooo £ 2000
3 00000 &
% ; S %o £ 1000
S 00358500 E .
%_ 9p120 + ICAM-1 ICAM-1 i
C  gp120 pSLP76(Y128)  Merge

ICAM-1

>
2 P<0.0001 3 P<0.0001
G 65 < 80
S 60 ) g °
£ 55 E7 o5
s oo Tw] B
F4] ©gog8o g s0 °
€3] 0,99980 £ 400
< 30 £
& 25 =
g% g™
> 15 = 20 o
g 10 % 10 Sad oo
e
o 5 00! & o B
2 gp120 + ICAM-1 ICAM-1 @'_ gp120 + ICAM-1 ICAM-1

B

D

LOCAL SIGNALING IN HIV-1 VIROLOGICAL SYNAPSE 11349

Merge

gp120 pLAT(Y191)

Merle

LAT(Y191

ICAM-1

> P<0.0001 > P<0.0001
g 80 ° a
S 70 [ole} §
] k]
= 60 09,0 £
o 0° ° °
2 50 208500 2
g 6052050 8
2 a0 385 -]
L5 X £
3 =
g2 g
£ :
S
2 3
o

© o

9p120 + ICAM-1 ICAM-1 9p120 + ICAM-1

Merge

gp120 pPLCy(Y783)

Merge

P<0.0001 P<0.0001
25
g 3000 °
200 o
2000 09880
150 82090,

pPLCy(Y783)

.
N

=]
S

a

gp120 + ICAM-1 ICAM-1

PPLCy(Y783) Average Intensity
PPLCy(Y783) Integrated Intensity

gp120 +ICAM-1 ICAM-1

FIG. 5. Recruitment of TCR signaling machinery to the VS. CD4 T cells were allowed to interact with gp120+ICAM-1 or ICAM-1 bilayers for 45
min and then were fixed and stained with phospho-specific antibodies for pZAP70(Y319) (A), pLAT(Y191) (B), pSLP76(Y128) (C), and pPLCy(Y783)
(D). The top panels show a representative image of a cell on a gp120+ICAM-1 bilayer, and the bottom panels show a representative image of a cell on
a ICAM-1 bilayer. Average and integrated fluorescence intensities acquired by TIRFM are depicted by the right and left graphs, respectively. A total of
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DISCUSSION

We have shown previously that the interaction of uninfected
target CD4 T cells with HIV-1 envelope gp120 and ICAM-1 on
laterally mobile planar bilayers results in transient formation of
VS, which share some common morphological features with

the better defined IS. The present study provides the first
molecular details about the initial assembly of VS, the local
signaling triggered and the cytoskeleton organization underly-
ing the VS. Similar to the TCR MCs found at the early stages
of IS, the VS is initiated with gp120 MCs that converge cen-
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tripetally to form the cSMAC. As in the IS, the formation and
centripetal transport of the gp120 MCs are actin dependent, as
they are sensitive to inhibitors of actin polymerization. Unlike
the TCR MCs (71), once formed, gp120 MCs remain actin
dependent, although similar to the IS ¢SMAC (71), the VS
c¢SMAC is actin independent. In addition to being a domain
where virus antigens and cellular receptors are highly concen-
trated, one notable feature of the VS ¢SMAC is the cortical
actin rearrangement that creates an F-actin-depleted zone im-
mediately beneath the cSMAC (Fig. 7), which can be impor-
tant for postentry events. Previous studies in which F-actin was
visualized at the VS in cell-cell systems lacked the resolution
needed to evaluate F-actin clearance from a 2- to 3-pm-size
cSMAC region (41, 61). Our data showing actin-depleted
cSMAC:s are consistent with the idea recently presented by
Liu et al. (51) suggesting that the interaction of CD4 T cells
with gp120 triggers cytoskeleton reorganization where actin
first polymerizes to form a cortical F-actin zone and then
depolymerizes so an F-actin-depleted zone is formed under-

neath the gp120-rich region. This model provides an expla-
nation for the seemingly contradictory roles of F-actin in
HIV infection: cortical actin polymerization is essential for
the initial assembly of the VS and for the capping process of
virus receptors (3, 40) that facilitates viral transfer and bind-
ing to the target CD4 T cells, but a zone depleted of cortical
F-actin is then needed to enable the virus core to move from
the plasma membrane to the nucleus. Nevertheless, the
postentry steps in HIV-1 infection affected by cortical F-
actin and its inhibitory mechanisms are still unknown. It is
plausible that HIV-1 evolves to exploit the molecular seg-
regation and signaling as induced physiologically in the IS
for creating an actin-depleted zone in the VS ¢SMAC and
possibly relieving postentry blocks.

Our model would suggest that HIV Gag should accumulate
to induce viral budding opposite the F-actin-depleted cSSMAC
in the target cell. However, the exact localization of virus
budding and entry in the context of the VS substructures (i.e.,
cSMAC versus pSMAC) remains unclear and should be fur-
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ther investigated. In one study, Gag was reported to accumu-
late in a ring-shaped structure (61) that resembles a pSMAC,
while in another study, it was shown to be in micrometer-sized
buttons (36) that resemble the cSMAC. It is also not clear
whether Gag and Env colocalize at the same substructures of
VS, though they have been suggested to colocalize at the
plasma membranes of virus-infected cells (34) and at the VS
interface (41). Furthermore, viral transfer across the VS has
been suggested to occur via endocytosis (8, 36), and cell-free
virions have also been found to enter cells via fusion with
endosomal membranes in a dynamin-dependent mechanism
(55). Nevertheless, the IS ¢SMAC is a site of bidirectional
membrane traffic (50) despite being relatively F-actin depleted
(43, 68). Therefore, if virions are to be endocytosed at the
c¢SMAC prior to fusion, it is likely that there is a sufficient
F-actin level in the VS ¢SMAC to mediate this process while
also allowing movement of the virus core to the nucleus.

The molecular basis for the formation of the F-actin-de-
pleted zone underneath the VS ¢cSMAC is not fully under-
stood, though activation of Lck is clearly required for its for-
mation (Fig. 8). A recent study by Yoder et al. (74)
demonstrates that gp120 interaction with CXCR4 activates
cofilin, an actin-depolymerizing factor, which facilitates HIV-1
postentry replication events in resting T cells, which otherwise
are refractory to HIV-1 infection. Cofilin is an important com-
ponent for F-actin dynamics at the periphery of the IS (64) and
may also play a role in F-actin depletion in the center of the IS
(43). In the IS, full TCR signaling is terminated in the cSMAC,
but it is possible that some partial signaling remains to form
the F-actin-depleted central zone (11). Whether cofilin plays a
role in creating the F actin-depleted zone in the VS is not
known, and the signaling pathway connecting Lck activity and
F-actin depolymerization remains to be determined. Neverthe-
less, our data provide clear evidence for active local mem-
brane-proximal TCR signaling at the VS. Lck is associated with
gp120 MCs and is activated within minutes after CD4 T cells
contact gp120 on the bilayer.

Evidence for downstream activation of the TCR signaling
pathway at the VS is presented by the activation and recruit-
ment of CD3¢, ZAP70, LAT, SLP76, Itk, and PLCry. Jolly et al.
have shown before that CD3e was partially recruited to the
interface in 15% of cells forming VSs and thus concluded that
the TCR is not involved (41). However, it is well established
that TIRFM is much more sensitive for detection of TCR than
cell-cell imaging methods (10, 49). Indeed, our experiments
showed relatively weak recruitment of CD3e and afTCR to
the VS interface compared to CD3{. Either preassociation of
CD4 and TCR (44) or induced association following CD4
clustering (54) could account for the observed recruitment of
TCR components following CD4 engagement by gp120. More-
over, evidence for TCR-CKR physical association upon che-
mokine engagement (45) further strengthens the possibility
that once gp120 binds to CD4 and CKR, the TCR-CD3 ITAMs
may be recruited to the VS and become available for phos-
phorylation by Lck.

Nevertheless, full T-cell activation as classically triggered via
TCR is not induced at the VS, as indicated by the absence of
PKCH recruitment, intracellular Ca®* influx, and CD69 up-
regulation. In contrast, soluble gp120 and cell-free virions have
been shown to induce Ca*" influx in T cells in a CKR-depen-
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dent manner (53). The organization of gp160 trimers on virions
could activate signals through a specific cross-linking geometry
that might not be generated by monomeric gp120 in the sup-
ported planar bilayers. The mechanism by which HIV-1 virions
would induce signals that are not induced by gpl120 in the
planar bilayers is not clear. The organization of molecules in
the VS may inhibit signals that are induced by engagement of
CD4 and CKR, or the soluble gp120 in the earlier studies may
contain some aggregates. It should be noted that in our planar
bilayer system, the target cell engages only gp120 and ICAM-1,
while HIV-1 virions can acquire host cell surface molecules
like CD28, CD152, CD80, and CD86 (30, 31) that can interact
with their ligands on the target cells and modulate T-cell ac-
tivation together with the viral Env. In addition, gp120 can
engage a4B7 (1) and other CKRs on T cells and other types of
cells (26), all of which may contribute directly or indirectly to
Ca?" influx detected in the T cells. Another possible reason is
the use of activated CD4 T cells in our experiments compared
to nonactivated CD4 T cells in the other studies. In the quies-
cent G,-phase cells, robust activation signals are needed to
release postentry blocks and allow integration (67), whereas in
the G;-phase resting cells, a subthreshold stimulus is sufficient
to support infection, albeit at a reduced level compared to
activated CD4 T cells (69).

Akt phosphorylation is also induced upon VS formation, but
only at one of the two phosphorylation sites associated with
Akt activation. PI3K has been shown to regulate HIV-1 repli-
cation following viral entry in CD4 T cells and to trigger Akt
activation in response to soluble gpl120 and cell-free virions
(27). The PI3K/Akt pathway is known to be crucial for cell
survival (12) and has also been implicated to play a key role in
prolonging survival of target cells and replication of many
viruses other than HIV-1 (39). However, it is yet to be deter-
mined whether the prosurvival PI3K/Akt pathway is triggered
by the VS in a manner that promotes target cell survival and
early HIV-1 replication events. Considering that gp120 inter-
action with the CKR has been shown to induce apoptosis in
CDA4 T cells (6, 7, 56, 70), induction of a prosurvival pathway by
the VS may serve as a counter mechanism to protect the target
cells from gp120-mediated apoptosis.

In conclusion, the VS is generated by the convergence of
gp120 MCs into a ¢cSMAC. TCR signaling is initiated in MC
and is sustained in the cSMAC. The signaling does not lead to
canonical T-cell activation and proliferation but marks an F-
actin-depleted zone in the VS center and thus may play a
critical role in removing the cytoskeletal barriers for viral entry
and infection.
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